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Representing building envelope systems with linear time invariant (LTI) state-space forms is advantageous for 
development and implementation of advanced control methodologies, such as model predictive control, and for 
enabling design optimization when computational efficiency is important. For example, system properties such as 
time constants and frequency response of building envelopes can be easily investigated with the help of control 
toolkits such as MATLAB/Simulink.  Furthermore, an LTI building representation enables the development of a 
reduced-order model using standard model reduction techniques. However, in order to make the LTI representation 
approach useful for industry, an interfacing tool that automatically extracts building system information from input 
files for popular building energy simulation (BES) tools and constructs a physical thermal network from the data is 
needed. This paper presents a conceptual strategy for interpreting an object (class) of a building energy simulation 
software and a methodology to develop a high fidelity LTI thermal network model. A case study applying this 
approach is provided which utilizes a model-order reduction method that converts a BES building envelope model 
for a building into a reduced-order LTI model (ROM). Comparisons of predicted building load profiles and 





Developing a computationally efficient but accurate building energy simulation (BES) model is important in order to 
accelerate building design optimizations and development and evaluation of advanced control algorithms where a 
number of iterations over a long simulation period are required. High fidelity building energy simulation tools, such 
as TRNSYS (Klein et al. 2004) and EnergyPlus (Crawley, et al. 2000), calculate building performance based on 
solution of thousands of equations for each computation time step even for a medium-sized building. As a result, the 
direct usage of these high-fidelity tools might be restricted for control or design optimization applications. 
Therefore, a generalized approach for developing computationally effective but accurate multi-zone building 
envelope models is beneficial. 
 
In an attempt to overcome this challenge, Kim and Braun (2012) developed a general approach that converts the 
complex thermal network of a multi-zone building into a linear time invariant state-space form that can replace 
detailed energy simulation software. The method utilizes a finite volume formulation to describe the heat conduction 
through walls. The wall energy balances consider convective heat exchange, as well as short and long wave 
radiation exchanges at the interior and exterior surfaces. The radiosity method is utilized to express the net heat flux 
under the assumption that the walls are gray, diffuse and opaque. The long-wave interaction terms are linearized and 
fixed convective heat transfer coefficients are assumed to construct a linear time invariant (LTI) model for the 
building thermal network. A model order reduction (MOR) technique is then applied to the high-fidelity LTI model 
to achieve computation efficiency. It should be noted that the ROM generation process does not require pre-
simulation data for training but only requires matrix operations applied to the high-fidelity LTI model.  
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A case study was performed for a 60-zone building and the reduced-order building envelope model is about 100 
times faster than that of widely-used simulation (TNRSYS) model, including the time required for generation of the 
ROM.  In addition, the ROM resulted in very negligible differences in dynamic load predictions compared to the 
TRNSYS model (Kim and Braun, 2015, Kim et. al. 2013).  
 
Despite the promising results of applying the LTI formulation and MOR to building systems, it has not been used in 
industry perhaps because of the need for an interface necessary to specify the many required physical parameters 
such as layer properties, layer compositions for each wall, wall orientations and so on.  A logical approach would be 
to integrate the overall LTI and MOR algorithms within commercial building energy simulation tools. However, this 
would limit their use to mostly energy simulation.  Another approach presented in this paper is to develop a 
translator that utilizes input files of popular commercial building-energy simulation (BES) software, such as 
EnergyPlus and TRNSYS, to generate a reduced-order model in an automated manner.  The resulting model could 
then be utilized in both energy simulation programs and other controls-oriented software (e.g., MATLAB/Simulink). 
 
This paper presents an automated reduced-order model generation tool that uses input files for TRNSYS.  The paper 
presents case study results including performance comparisons between the reduced-order model and the TRNSYS 





The overall process is outlined in Fig. 1. It starts from input files of commercial BES tools, TRNSYS in this paper, 
which contain physical building parameters. An interface extracts and passes necessary data to construct a LTI 
building envelope model. The full LTI model after the LTI system model generator is passed to an MOR algorithm 
to generate a reduced-order model (ROM).  
 
 
Figure 1: Generation of a reduced order building envelope model 
 
 
2.1 LTI System Model Generator 
 
 
Figure 2:  Summary of TRNSYS building objects 
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The LTI model formulation of Kim and Braun (2012, 2015) was adopted in this case study and is briefly 
summarized in this section. The methodology considers heat flows of a complex building thermal network as 
depicted in Fig. 2.  Some of the important assumptions used to construct the network unit are: 
 The temperature of each surface or surface segment and of its cross section is uniform.  
 The air in each thermal zone room is well-mixed. 
 Each wall emits or reflects diffusely and is gray and opaque. 
 Air is a nonparticipating media for radiation. 
 Heat transfer is one dimensional.  
 Conduction between the window and window frame is neglected (1-D assumption). 
 
The main approach to treating the complex thermal network is to linearize long-wave radiation exchange and group 
the states (temperatures) and fundamental equations in the form of a state-space representation.  
For clarification, fundamental energy balance equations are shown in this paper.  
 
A finite volume formulation is used to describe the heat conduction through walls. For any jth node in a wall except 
the first and last nodes, an energy balance leads to  
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 ,  
i
j = density at j
th node in ith wall, 
i
jC = specific heat capacity at j
th node in ith wall,  
i
jw = width of control volume of j
th node in ith wal,  
|L ijk =  thermal conductivity at left surface of the jth node in ith wall, and   
|L ijw = distance from the "j-1"th node to the jth node in ith wall. 
 
For any ith outside wall (connected to the external ambient) belonging to an individual zone, the heat balance 
equation at the surface is  
                                     
,
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dt
        (2) 
where 
1
iT represents the wall temperature of the first node which is set to be an outside surface of the wall.  
,, ,
i i
SW LW cv exq q h  and aT  represent short wavelength solar irradiation, net long wavelength radiation exchange with the 
environment, convective heat transfer coefficient at the outside surface of a wall and outdoor air temperature, 
respectively. 
 
With the assumptions that the outside surface is gray and diffuse and the air is a non-participating radiation media, 
net long wavelength interactions with the environment can be expressed as 
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where , , and F  are Stefan-Boltzmann constant, emittance and view factor, respectively. 
 
Using a linear approximation of the long-wave heat exchange term gives 
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The mean temperatures for long-wave exchange between the surface and sky and surface and ground are assumed to 
be the same for all outside surfaces. 
 
Figure 3: Connecting thermal network modules 
 
For the Ith zone and ith wall as shown in Fig 3, the energy balance equation for the inside surface is  
, 1 ,( ) ( )|
i
i i i i i L i i in




C w h T T h T T q
dt
                                            (5) 
 
where ,net radq  is net radiative flux out of the inside wall. 
The radiosity method is utilized to express the net flux under the assumption that the walls are gray, diffuse and 
opaque. The same linearization method used in Equation (4) is employed leading to 
1
,
[ ]n onet radq A B T h
                                                                    (6) 
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ijF  is view factor from i
th to jth surface,   is the Kronecker delta,   is reflectance and oh  is external radiative 
source. In Equation (6), radiosity does not appear explicitly, which is convenient for building simulation. Since the 
ith component of 
oh  represents an external radiative source acting on the i
th surface, the effects of internal sources 
and transmitted solar energy through windows are treated in a consistent manner. For any shaped room, the net 
radiative flux can be explicitly calculated as a function of surface temperatures if the view factors and the external 
radiative sources are known.  
 
Equations of (1), (4) and (5) for all nodes for all walls for all zones together with zone air balances are collected to 
construct a building LTI model. For more detailed descriptions and the LTI formations, refer to Kim and Braun 
(2015). 
 
2.2 Model Order Reduction 
 






Therefore, model order reduction (MOR) techniques can be utilized. The balanced truncation method (Moore, 1981) 
is utilized in order to reduce the high dimensionality of state x  which is the number of all temperature nodes in the 
building thermal network.  
 
The balanced truncation approach (B.C. Moore, 1981) truncates dynamic states that are hardly controllable and 
hardly observable based on the singular values of the Hankel operator that can be obtained by balancing the 
observability and controllability Gramians of the original LTI system. This balancing needs to solve two matrix 
equations, i.e. the Lyapunov equations. The algorithm presented by A.J. Laubi (1987) is used to compute the state-
space balancing transformation in this paper. 
  




Figure 4:  Summary of TRNSYS building objects 
 
( ) ( ) ( )
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To develop an automated interface that reads a TRNSYS building input file (*.inf or *.bui) and converts it to 
suitable objects for the full-order model generator, the TRNSYS input file structure has been investigated. TRNSYS 
has four building objects which are layer, wall, zone and window. Properties associated with each object are 




Figure 5:  Example of TRNSYS building input file 
 
Fig. 5 shows how layer and wall objects are structured in a TRNSYS input file. Each property is very well defined in 
a human-readable format and there is only one way of defining each object unlike EnergyPlus, and hence 
constructing an interface was straightforward. A TRNSYS interface was developed in the MATLAB environment 
which 1) reads all strings in an inf file, 2) finds the line where an object is defined, 3) reads necessary properties 
shown in Fig. 3, and 4) constructs objects for the LTI model generator based on the collected properties. 
 
3. Case Study 
 
3.1 Case Study Building Characteristics 
 
For testing the validity of the process from the TRNSYS input file interface to the full-order LTI model generator, 
dynamic responses for a single zone building from the process were compared with TRNSYS Version 16. Some 
parameters employed in the modeling include: 
 The size of the zone is 10[m] for width and depth and 3[m] for height. The south window area is 20[m2]. 
 The materials for wall construction consist of brick, insulation material, stucco, plaster, and double glazed 
windows. 
 The materials for floor construction consist of floor, stone, silence, concrete, and insulation material. 
 The materials for roof construction consist of concrete, and insulation material. 
 The floor is assumed to be adiabatic.    
 TMY3 weather data in Indianapolis for all year (Jan. 1 to Dec. 31) was employed. 
 Values of 17.77[W/m2-K] and 3.05[W/m2-K] were used for convective heat transfer coefficients at the exterior 
and interior surfaces, respectively.  
 
Once the corresponding TRNSYS building model was developed, the interface read the inf file that had 387 total 
lines. The building parameters were used to construct a full-order LTI model having a total of 218 nodes for the 
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zone. A ROM having a 30-state dimension was then automatically generated using the balanced truncation method. 
The computing times for each step of the process are shown in Table 2. All computation times are based on a 
quarter-core 3.10 GHz with 3.16GB memory desktop computer. The ROM generation took the majority of the 
processing time. This is because the balance truncation method requires solution of the Lyapunov equations to 
calculate observability and controllability Gramians which requires significant computation. The time required to 
form the full LTI model is negligible.  
 
Table 2: Computation times for interface, and full and reduced order LTI model generators 
 Interface LTI generator ROM generation 
Computation time (sec) 0.0141 0.0074 0.8223 
 
3.2 Case Study Results 
 
In order to demonstrate the accuracy of the reduced-order model, a year simulation result was compared with that of 
TRNSYS. Sample result comparisons for predicted load profiles for heating and cooling seasons are shown in Fig. 6 
and 7, respectively. The red solid line and blue solid line represent the load profiles generated by TRNSYS and the 
reduced-order LTI, respectively. Overall, there are negligible differences between the two models. 
 
The required simulation times for a year simulation are 3.81 sec for TRNSYS and 0.13 sec for the reduced-order 
LTI. The computational time for the ROM is based on an ODE (ordinary differential equation) solver in MATLAB 
Version 7 while that for the TRNSYS is based on a fixed time step solver with a 1-hr time step. Note that 
computational time for solution of differential equations is highly dependent on the differential or difference 
equation solution algorithm. Therefore, the time comparisons could vary depending on solver algorithms, but the 
ROM LTI provides an order of magnitude faster computation for this simple case study.   In addition, the 
computational savings are significantly greater for more complicated buildings requiring multiple zones (see Kim 
and Braun, 2015) 
 
Figure 6: Load comparisons between TRNSYS and reduced-order LTI models for a heating period  
(heating (+), cooling (-)) 
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Figure 7: Load comparisons between TRNSYS and reduced-order LTI models for a cooling period  
(heating (+), cooling (-)) 
 
Overall performance comparisons are summarized in Table. 3. Together with Table 2, the case study results 
demonstrate the automated process of the TRNSYS input file converter and the reduced-order model generator work 
efficiently and accurately. 
 
Table 3:  Computational time comparison for 
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An automated process that reads TRNSYS input files and converts them to a specific object structure suitable for 
generating a full-LTI and reduced order LTI models has been developed. The approach is aimed at accelerating 
building design optimization and advanced control evaluations. The integrated process from the interface to the 
reduced-order model generator has been tested for a case study building. It took around 0.02 sec for the full order 
model generation and around 0.82 sec for the model reduction. For one-year simulation, the reduced order model is 
around 30 times faster than the TRNSYS model with negligible building load prediction errors, which demonstrates 
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